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DAVIES, M. F., E. S. ONAIVI, S.-W. CHEN, P. A. MAGUIRE, N. F. TSAI AND G. H. LOEW. Evidence for
central benzodiazepine receptor heterogeneity from behavior tests. PHARMACOL BIOCHEM BEHAYV 49(1) 47-56,
1994. —To explore behavioral selectivity as a consequence of multiple receptor subtypes, four benzodiazepine receptor ligands,
flunitrazepam, CGS 9896, zolpidem, and AHR 11797, were tested at five in vivo endpoints: anticonvulsant action, anxiolysis/
anxiogenesis as determined in the plus-maze test, locomotor activity, changes in food consumption, and hypothermia. All
compounds produced hypothermia. In the plus-maze test, flunitrazepam, CGS 9896, and a low dose of zolpidem (0.05 mg/
kg) increased the time spent in the open arms, although AHR 11797 and higher doses of zolpidem decreased time spent in the
open arms. Flunitrazepam and zolpidem greatly reduced, CGS 9896 slightly reduced, and AHR 11797 did not affect locomotor
activity. Flunitrazepam and CGS 9896 increased food consumption, but AHR 11797 and zolpidem had no effect. Only
flunitrazepam fully protected the animals from pentylenetetrazol-induced seizures. The qualitative differences in the effects
of these compounds observed are difficult to explain by activation of a single benzodiazepine receptor subtype. As Ro15-1788

antagonized all the observed effects, these compounds act through multiple central benzodiazepine receptors.
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THE MULTIPLE behavioral actions of benzodiazepine
(BDZ) receptor agonists make them clinically useful anxiolyt-
ics, anticonvulsants, muscle relaxants, and hypnotic agents. It
is also known that they can affect food and water consump-
tion (6) and reduce body temperature (18). It was originally
assumed that all BDZ receptor agonists had similar pharmaco-
logical profiles, acting through a single BDZ receptor to pro-
duce every observed behavioral action, although not necessar-
ily in the same dose range (17). A direct consequence of this
hypothesis is that, if the effects of a set of compounds at
diverse in vivo endpoints were to be measured under identical
conditions, the rank order of activity of these compounds at
each endpoint would be the same, but the dose range required
for each activity could be different.

The concept that all BDZ effects are mediated by a single
BDZ receptor has been challenged by recent behavioral, recep-
tor binding and molecular biology studies. For example, in
behavioral studies, the traditional 1,4 benzodiazepines have
anticonvulsant and anxiolytic effects at lower doses than are
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required to produce sedation (17), whereas the novel benzodi-
azepine compound zolpidem produces sedative effects at doses
much lower than those required to cause anticonvulsant or
anxiolytic effects (14). Both binding studies and the techniques
of molecular biology provide direct evidence for multiple BDZ
receptor subtypes. Early receptor binding studies had detected
two central BDZ receptors (20,35), and on this basis these
subtypes were called Type I and II. Our laboratory has found
evidence for more than two pharmacological relevant subtypes
of BDZ receptors in the spinal cord (22), and using a novel
data analysis technique— Fourier-derived affinity spectrum
analysis —we have recently resolved at least three central ben-
zodiazepine binding sites in the spinal cord (submitted). Evi-
dence for multiple GABA,/BDZ receptor subtypes has also
been provided by molecular biology techniques that have char-
acterized many GABA, receptor subunit variants (21). Ex-
pression of combinations of these subunits in various transfec-
ted cell systems produce BDZ receptors that have different
ligand affinities (29) and varying ability to be activated by
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BDZ receptor ligands (30). For behavioral selectivity to occur,
the BDZ receptor subtypes within the CNS must be localized
to specific regions, and it is known that GABA receptor sub-
unit variants are not distributed evenly throughout the CNS
(7.

The goal of this study was to use internally consistent end-
points to continue to explore the possibility that a single com-
pound could behave in a qualitatively different manner when
tested using different in vivo endpoints. Use of standardized
procedures more readily permit the comparisons both between
drugs and between endpoints allowing the determination of
the drugs’ qualitative effectiveness and rank order of activity
in each test. To this end, we have examined the action of
four structurally diverse BDZ receptor ligands in five in vivo
endpoints known to be sensitive to BDZ receptor ligands: anti-
convulsant action against pentylenetetrazol (PTZ), anxiolysis/
anxiogenesis as determined in the elevated plus-maze test, lo-
comotor activity as an indication of sedation, changes in food
consumption (6), and change in body temperature (18).

The test compounds were chosen based on some prior evi-
dence for selective behavioral actions that could not be ex-
plained by activation of a single BDZ receptor. Flunitrazepam
(Fig. 1) was included among the four compounds as an exam-
ple of a classical 1,4 benzodiazepine that is thought to have
full agonist activity (5). Zolpidem, an imidazopyridine (Fig.
1), was reported to be particularly sedative at doses lower
than those required to produce anticonflict action (14,23), but
lacked effect on feeding behavior (38), and had relatively weak
anticonvulsant activity (14). It represented a compound in
which anxiolysis and anticonvulsant action did not seem to
be strongly linked. CGS 9896, a pyrazoloquinoline (Fig. 1),
produced very little sedation (4,32), was reported to be a selec-
tive anxiolytic compound (3,26,31) that also increased mouse
exploratory behavior (4,31), and blocked the pentylenetetrazol
discriminative cue (4). The anxiolytic action of CGS 9896 was
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FIG. 1. Chemical structures of the four benzodiazepine receptor li-
gands studied.
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not, however, discernible in the social interaction test (27).
CGS 9896 was not a potent anticonvulsant when tested against
high doses of PTZ (4) in rats, although we have shown it has
anticonvulsant action in mice (36). CGS 9896 was an antago-
nist at some endpoints, as it antagonized the hyperphagic ac-
tion of clonazepam (7,10), and antagonized the relaxant ef-
fects of diazepam (4). AHR 11797, a pyrroloquinazolone (Fig.
1), seems to be an unique BDZ receptor ligand because it was
reported to be a selective muscle relaxant, but antagonized
the anticonflict effects in rats (19) and monkeys (37) and the
anticonvulsant effects of chlordiazepoxide in rats (19).

METHOD

Animals

Male Long-Evans hooded rats weighing 250-500 g were
used for the behavioral portion of this study (25). They were
purchased from Harlan Sprague~-Dawley (Indianapolis, IN)
and Charles River (Wilmington, MA), and housed in groups
of three or four. The animals were maintained on a reverse
12L : 12D cycle, with lights off at 0600 h. The rats were
adapted to this reverse light : dark cycle for at least 2 weeks
prior to drug treatment and behavioral testing. The animals
were allowed free access to Purina rat chow (Diet 5012) and
water at all times. On the test days, rats were transported from
the dark holding room at 0900 h in a dark carrier to a room
dimly illuminated with a 60 W red bulb. After 1 h of habitua-
tion to the new environment, drug or vehicle administration
commenced, followed by behavioral testing.

Experimental Design

The experimental protocol for the behavioral studies was
divided into three groups of tests. The first group of tests
consisted of the measurements of changes in rectal tempera-
ture, performance in the elevated plus-maze, and locomotion
in the open field, in the same group of animals. Food con-
sumption following food deprivation was determined in a sep-
arate group of animals, as was anticonvulsant activity. Thirty
minutes after intraperitoneal (IP) administration of vehicle or
drug, in a volume of 1.0 ml/kg, the behavioral measurements
commenced. For all Rol5-1788 antagonism experiments,
Ro15-1788 was injected IP, 15 min after vehicle or drug injec-
tion.

Performance in the Automated Elevated Plus-Maze

The effects of these four compounds on the behavioral
measures indicative of changes in anxiolytic- or anxiogenic-
like profile were evaluated using a computer-controlled ele-
vated plus-maze test system. The apparatus consisted of two
open arms (50 X 10 ¢m) and two enclosed arms (50 X 40 x
10 c¢m) that were linked by a central platform (10 X 10 cm)
and arranged such that the arms of the same type were oppo-
site each other. The apparatus was constructed of perspex and
mounted on a clear plastic base with a 50 cm elevation above
the floor. The experimental procedures used were similar to
those described by Pellow (27), according to the modification
by Onaivi (24). The test system was further altered by the
addition of 12 pairs of infrared photocell units. The photocells
and their receivers were located 3 and 5 cm above the test
platform at the entrances to each of the open and closed arms
and also on the diagonal medians of the central platform.
The interruption of the photocell beams by the animals was
monitored via an interface (D-max 54, Newark) connected to
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the IBM PC which was located in an adjacent room. With this
arrangement, the movement and location of the rat during a
5-min test was continuously displayed, monitored, and re-
corded. The testing was initiated 30 min after vehicle or drug
administration by placing each animal in the center of the
plus-maze facing an open arm. The number of entries and the
amount of time spent in the open arms, closed arms, and
center platform were recorded. The period of time spent on
the central platform was not included in the data analysis. The
total time spent in the open and closed arms was usually less
than 5 min. All measurements were performed with rats not
previously used in any tests (16).

Measurement of Changes in Rectal Temperature

The animals were acclimatized to the laboratory conditions
where the ambient temperature of the room was maintained at
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23°C and humidity was about 40%. The rectal temperatures
were recorded using a rat rectal probe inserted 6 cm into the
rectum (Digital Thermometer, Fisher Scientific). Rectal tem-
peratures were taken prior to the injection of vehicle or test
compound and again 30 min after the treatment. The first
reading was taken to familiarize the animals with the experi-
mental procedure and ensure that drug responses were not
masked by the small hyperthermic response that occurred
when animals are initially handled (32). The rectal tempera-
ture of animals used in the Ro15-1788 antagonism experiments
was taken every 15 min after the vehicle or drug injection for
a period of 90 min.

Locomotor Activity Test

In this study, the observation of locomotion in an open
field was adapted for the assessment of sedation and a general
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FIG. 2. Effect of the test compounds on performance in the elevated plus-maze. The parameter presented is the mean (£ SEM, n = 5-
10) amount of time spent by individuals in each particular dose group in the exposed arms of the maze. (O) Indicates time spent in the
open arms and (@) indicate time spent in the closed arms. Values were normalized by expressing as percentage of control groups.
Significant differences from controls (p < 0.05, calculated from a one-way ANOVA followed by Dunnett’s ¢-test for multiple compari-

sons with vehicle-treated groups) are indicated with an asterisk.
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depressant action following administration of vehicle or drug.
The duration of observation was 10 min, begun immediately
after evaluation in the elevated plus-maze. The locomotion
activity apparatus consisted of circular test cages 46 ¢cm in
diameter and 34 cm high, each equipped with six pairs of
photocells and detectors, equidistantly spaced, and placed 2
cm above the grid floor outside of the cage. Interruptions
of the photocell beams were recorded by automatic digital
counters.

Ingestional Behavioral Test

The palatable diet used in this experiment was modified rat
chow pellets to which 15% sucrose had been added (Purina
Mill, St. Louis, MO). A sham feeding experiment was con-
ducted the day before the experiment day. Feeding behavior
was assessed the next day following an additional 16 h period
of food deprivation. On the test day, groups of rats were
injected with doses of drug or vehicle and placed in individual
cages. Thirty minutes later the test commenced with the intro-
duction of 40 g chow pellets placed in a heavily weighted cup.
The duration of the food consumption test was 1 h. At the
termination of the test, the food remaining in was weighed
and the amount consumed determined. During this test, water
and the rat’s standard chow were not available. We found this
protocol to be sensitive to drug-induced increase or decrease
in food consumption.

Anticonvulsant Test (PTZ-Induced Convulsions)

The ability of the test compound to prevent convulsions
induced by PTZ (60 mg/kg IP) was tested by the intraperito-
neal injection of the test compound 30 min before the injec-
tion of PTZ. The animals were then observed for a 30-min
period for clonic and tonic convulsions. The number of sub-
jects that convulsed and the duration of these convulsions
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were recorded. Rats that did not convulse after PTZ injection
were assigned a 0 min duration, and lethal convulsions were
not included in the data analysis.

Statistical Analysis

The behavioral results were analyzed using one-way analy-
sis of variance (ANOVA) with multiple comparisons and the
drug treatment as the independent factor. Dunnett’s ¢-test was
used to assess treatment differences.

Drugs

Flunitrazepam and Ro15-1788 were received as gifts from
Hoffman-LaRoche (Nutley, NJI), CGS 9896 from Ciba-Geigy
(Summit, NJ), zolpidem from Synthelabo, (Bagneux, France),
and AHR 11797 from Wyeth Ayerst Research (Princeton,
NJ). We synthesized additional AHR 11797 in our laboratory.
Thin layer chromatography, "H-NMR and benzodiazepine re-
ceptor binding assays revealed no difference between the two
samples of AHR 11797. For all tests, compounds were in-
jected as a 40% w/v suspension of 2-hydoxypropyl 8-cyclo-
dextrin in deionized water purchased from Research Biochem-
ical Inc. (Natick, MA).

RESULTS

Elevated Plus-Maze Test

Results from behavior observed in the elevated plus-maze
are shown in Fig. 2. Of the four compounds studied, CGS
9896 and flunitrazepam exhibited anxiolytic profiles in this
test paradigm, as evidenced by increased (over baseline levels)
expenditure of time in the open arms [CGS 9896: F(5, 35)
= 4.355, p < 0.01], {flunitrazepam: F(5, 60) = 6.228, p =
0.0001), and decreased time spent in the closed arms [CGS

TABLE 1

THE ABILITY OF Rol5-1788 TO ANTAGONIZE THE EFFECTS OF FLUNITRAZEPAM,
AHR 11797, CGS 9896, AND ZOLPIDEM

Plus-Maze Test Rectal Locomotion Food
Time in Open Arms Temperature Activity Consumption Anticonvulsant
(% Control) (°C) (Interupts) (®) (% convulsed)
Ro Dose (mg/kg) 10 10 10 20 20
V+V 100 = 13 39.2 + 0.1 234 + 13 26 + 04 100
V + Ro 122 + 17 39.3 £ 0.1 270 = 22 26 + 04 100
FLU dose (mg/kg) 1 7.5 7.5 25 5
FLU + V 224 + 33* 37.1 £ 0.4* 104 + 35* 6.7 £ 1.1* o*
FLU + Ro 54 + 22% 38.7 £ 0.3t 6 + 25t 3.7 = 0.4 100t
AHR dose (mg/kg) 10 10 — - -
AHR + V 38 + 8* 38.5 + 0.2* - - —
AHR + Ro 83 + 11t 39.0 + 0.11 - -
CGS dose (mg/kg) 10 10 10 5 —
CGS +V 180 + 48* 38.7 + 0.2* 178 + 18* 49 + 0.6* -
CGS + Ro 63 + 17f 39.4 + 0.1F 252 + 22% 3.5 + 0.61 -
ZOL dose (mg/kg) 5 7.5 7.5 - -
ZOL + V 32 + 10* 38.0 + 0.1* 66 £ 19* - —
ZOL + Ro 94 + 18t 39.2 £ 0.11 226 + 28% - —

*Different from vehicle (V)-treated group.

tDifferent from corresponding benzodiazepine-treated group. Significant difference (p < 0.05) were calculated
by one-way ANOVA followed by Dunnett’s s-test for multiple comparison with vehicle treated groups. Plotted values

are Mean + SEM (n = 6-10).
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FIG. 3. The hypothermic effect of the four compounds. Plotted values are means + SEM (n = 6-10). Significant differences from
controls (p < 0.05, calculated from a one-way ANOVA followed by Dunnett’s #-test for multiple comparisons with vehicle-treated

groups) are indicated with an asterisk.

9896: F(5, 35) = 7.302, p = 0.0001] [flunitrazepam: F(5, 60)
= 2.98, p < 0.05]. The proportion of entries into the open
arms by these two compounds were also increased (not
shown). By contrast, zolpidem showed a biphasic dose re-
sponse curve, a dose of 0.05 mg/kg increased the time spent
in the open arms (¢ = 2.962, p < 0.05) and at doses > 0.05
mg/kg decreased the time spent in the open arms, F(7, 52) =
7.082, p = 0.0001, and increased time in the closed arms of
the plus-maze, F(7, 52) = 13.66, p = 0.0001. At all doses
greater than 1 mg/kg, AHR 11797 reduced the time spent in
open arms, F(5, 57) = 5.069 p < 0.001, and increased time
in the closed arms, F(5, 57) = 2.428, p < 0.05. Ro15-1788,
at 10 mg/kg, reversed the increase in time spent in the open
arms caused by CGS 9896, F(3, 30) = 3.645, p < 0.05, and
by flunitrazepam, F(3, 30) = 9.898, p = 0.0001. It also re-
versed the decrease in time spent in the open arms caused by
AHR 11797, F(3, 40) = 7.209, p = 0.0001, and zolpidem,
F(3,34) = 5.631, p < 0.05 (Table 1).

Rectal Temperature

The changes in rectal temperatures following vehicle and
drug administration are shown in Fig. 3. All four compounds
produced qualitatively similar dose-dependent decreases of
rectal temperature measurements. The maximal level of hypo-
thermia produced by AHR 11797 was less than the maximal
hypothermia produced by the other three compounds. The
peak effect of Ro15-1788 on rectal temperature of all four
drugs was found at 45 min postinjection of Ro15-1788 and 60
min after administration of drugs (data not shown). Table 1
shows that Ro15-1788 completely reversed the hypothermic
effects of these compounds tested 60 min after administration.

Locomotor Activity in Open Field

As illustrated in Fig. 4, the locomotor activity test showed
flunitrazepam, F(3, 23) = 85.5, p = 0.0001, and zolpidem,
F(8, 61) = 59.4, p = 0.0001, to be markedly sedative while
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FIG. 4. The sedative effects of the four test compounds as reflected by levels of open-field activity. Plotted values are means (expressed
as a percentage of control values) = SEM (n = 6-10). Significant differences from controls (p < 0.05, calculated from a one-way
ANOVA followed by Dunnett’s ¢-test for multiple comparisons with vehicle-treated groups) are indicated with an asterisk.

CGS 9896 produced only a slight reduction in activity, F(5,
39) = 1.346, p > 0.05. AHR 11797 treatment, on the other
hand, did not significantly affect locomotor activity. Rol5-
1788 significantly antagonized the drug-induced depression
of locomotion in flunitrazepam-, zolpidem-, and CGS 9896-
treated rats (Table 1).

Food Consumption

The effects of these four compounds on amount of food
consumed in 60 min by food-deprived rats are presented in
Fig. 5. Flunitrazepam caused a dose-dependent increase of
200% in palatable food consumption, F(5, 52) = 4.186, p =
0.0036. AHR 11797 was not active at this endpoint. CGS
9896, F(4, 40) = 8.981, p = 0.0001, caused a significant
dose-dependent increase in palatable food consumption. Even
at doses that caused visible sedation, zolpidem had no effect
on food consumption in this tested protocol. Ro15-1788 (20
mg/kg) completely reversed the hyperphagic effects by fluni-
trazepam and CGS 9896 (Table 1).

Anticonvulsant Activity

As shown in Fig. 6, of the four compounds studied, only
flunitrazepam was able to fully protect the test animals from
the convulsant effects of 60 mg/kg PTZ. AHR 11797 afforded
no protection at all. Although zolpidem and CGS 9896 re-
duced the duration or severity, they did not prevent the con-
vulsant event. We found that Ro15-1788 fully antagonized the
protective effect of flunitrazepam as measured by proportion
of animals that convulsed (Table 1).

DISCUSSION

The purpose of this study was to explore the possibility of
behavioral selectivity as a consequence of functional multiple
BDZ receptor subtypes. The qualitatively different effects and
different rank order in the five in vivo endpoints by these
four BDZ-like drugs, supports this hypothesis. Moreover, the
ability of the central benzodiazepine receptor antagonist,
Ro15-1788, to reverse all observed drug effects in the five in
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FIG. 5. Drug-induced changes in baseline levels of palatable food consumption following a period of food deprivation. Plotted values
are mean amounts of food consumed by a given test group within the allotted period of time. Values are expressed as a percentage of
control values + SEM (n = 6-10). Significant differences from controls (p < 0.05, calculated from a one-way ANOVA followed by
Dunnett’s #-test for multiple comparisons with vehicle-treated groups are indicated with an asterisk.

vivo endpoints indicates that this receptor heterogeneity exists
within the central benzodiazepine receptor population.

All four compounds decreased rectal temperature in a
dose-dependent manner, and Ro15-1788 reversed this effect.
This result indicates that they all bind to the subset of central
benzodiazepine receptors that can affect body temperature. In
contrast to Tang (34) who found Rol15-1788 only partially
blocked the hypothermic effect of zolpidem in mice, we found
Ro15-1788 fully blocked zolpidem-induced hypothermia in
rats. AHR 11797 decreased body temperature, but this effect
reached a plateau at a value less than the observed maximal
hypothermia caused by the other drugs. This submaximal ef-
fect could suggest that AHR 11797 causes less than full activa-
tion of the BDZ receptor(s) responsible for causing hypo-
thermia.

In the plus-maze test, these four compounds had qualita-
tively different effects. Flunitrazepam and CGS 9896 in-

creased time spent in the open arms and decreased time spent
in the closed arms; AHR 11797 had the opposite effect. Zolpi-
dem displayed a biphasic dose response, causing an increase in
the time spent in the open arms at a low dose and decreasing
time in the open arms at higher doses that suppressed locomo-
tor activity. Our results with the low doses of zolpidem (<0.15
mg/kg) agree with another plus-maze study (2) that showed
zolpidem increased time spent in the open arms at low doses
(<0.15 mg/kg) but did not have any effect at high doses (0.15
to 0.5 mg/kg). We have extended the dose range and found
that doses above 0.1 mg/kg of zolpidem not only decreased
time spent in the open arms, but, in spite of sedative effect of
zolpidem, that rats also spent more time in the closed arms
when compared to the control animals. The effect of zolpidem
in the plus-maze is not consistent with anticonflict studies
(14,23) that demonstrated an anticonflict action of zolpidem
in punished drinking of thirsty rats. However, the use of the
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FIG. 6. Anticonvulsant properties of the four test compounds. The filled circles represent the mean duration of convulsions (clonic, tonic, or
myclonic) occurring within the 30-min observation period. Values are expressed as a percentage of control values + SEM (n = 5-12). Significant
differences from controls (p < 0.05, calculated from a one-way ANOVA followed by Dunnett’s 7-test or multiple comparisons with vehicle-
treated groups) are indicated with an asterisk. Open circles represent the number of animals within a dose group that convulsed, expressed as a

percentage of the group population. Closed circles are the mean duration of convulsion.

punished drinking method to assess anxiolytic behavior is con-
founded by the ability of benzodiazepine ligands to directly
affect water consumption (9). The anxiogenic profile of AHR
11797, as evidenced by the reduced amount of time spent in
the open arms and increased amount of time spent in the
closed arms of the plus-maze, is also a novel finding. Previous
studies using a similar conflict test have indicated that AHR
11797 had no anticonflict activity and antagonized the anti-
conflict effects of diazepam (19). However, it is unlikely that
the conditions used in this type of conflict test would have
detected a proconflict effect indicative of an anxiogenic action
because the level of responding in control animals was almost
maximally suppressed by the punishment conditions.

This study has demonstrated that, at the doses tested, only
zolpidem and flunitrazepam caused significant sedation, as
assessed by decreased locomotor activity. In fact, both drugs

have been used clinically as sedative/hypnotics. In agreement
with other studies (4), a slight reduction in activity by CGS
9896 was also observed. This effect occurred at doses similar
to that required for anxiolytic activity but significantly higher
than was required to cause significant hypothermia. Unlike
any other compound tested, AHR 11797 did not significantly
affect activity at the highest dose tested. Those results indi-
cated that CGS 9896 and AHR 11797 cause little or no activa-
tion of benzodiazepine receptor(s) responsible for suppression
of locomotion.

Of the four compounds studied, only flunitrazepam could
be classified as an effective anticonvulsant. In these tests,
AHR 11797 did not increase or decrease the convulsant activ-
ity of PTZ; a result in agreement with a preliminary report
that AHR 11797 had no effect and antagonized the anticon-
vulsant action of chlordiazepoxide (19). Zolpidem and CGS
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9896 did reduce the severity of the convulsions but did not
prevent them. It has been shown that the limited anticonvul-
sant action of CGS 9896 is most pronounced at lower doses of
PTZ than used here (4). It is conceivable that the higher dose
of PTZ and the route of administration used prevented CGS
9896 from protecting at the highest dose studied. However,
there is other evidence that indicates that CGS 9896 is not an
effective inhibitor of PTZ actions. Intracellular recording
from cultured spinal cord neurons demonstrated that CGS
9896 alone had no effect on GABA responses (13) and did not
alter the inhibition of GABA responses produced by PTZ,
whereas diazepam antagonized this decrease (12). This result
would suggest that the lack of anticonvulsant activity of CGS
9896 may be due to inability to substantially activate particu-
lar BDZ receptor subtypes that are responsible for that activ-
ity. Unfortunately, with the present state of knowledge of the
BDZ receptor subtypes found on cultured spinal cord neu-
rons, it is not possible to determine the identity of receptors
that are minimally activated by CGS 9896.

In the feeding test, flunitrazepam dose dependently in-
creased food consumption as is typical for 1,4 benzodiaze-
pines (6). We also found that CGS 9896 produced a hyper-
phagic effect similar to flunitrazepam. These results differ
from those obtained with the use of highly palatable diet (8)
or saline and water intake (15) in which CGS 9896 has been
shown to have no hyperphagic effect (7,10,11). The cause of
the discrepancy could be due to differences in experimental
protocols such as diet composition and duration of food dep-
rivation. Because the basal amount of food consumed in our
study was less than reported in other studies (7,10,11), it is
possible that our protocol was able to detect a small increase
of food consumption. It is interesting that in the plus-maze
test, both CGS 9896 and flunitrazepam are equipotent, requir-
ing 1 mg/kg to have a significant anxiolytic effect, while fluni-
trazepam is more active than CGS 9896 in feeding, leading to
a significant increase at a much lower dose. This difference in
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rank order indicated that the BDZ receptor subtype(s) that
mediate the anxiolytic and hyperphagic functions are not iden-
tical. We also found that neither AHR 11797 nor zolpidem
affected food consumption. Our results for zolpidem are in
agreement with those obtained in rats (10,39) and mice (28) in
which it was found to have no effect on feeding.

The differential effects of AHR 11797, CGS 9896 and zol-
pidem, when compared to the effects of flunitrazepam, could
be due to the differential ability to either activate or recognize
diverse BDZ receptor subtypes. For example, it is possible that
all four compounds, upon binding to receptor(s) involved in
each endpoint, are potent agonists at some of them, weak
agonist or antagonists at another population, and inverse ago-
nists at still others. Alternatively, differences in the ability of
these compounds to bind to BDZ receptor subtypes and in-
crease the flow of Cl™ through the associated Cl~ channel
could also account for the observed behavior. In such a sce-
nario, two different neuronal pathways, acting in concert or in
opposition to cause a specific end effect, might have different
populations of BDZ receptors. The balance between these
pathways may be uniquely shifted by each BDZ receptor li-
gand, thereby resulting in a qualitatively different behavioral
profile.

The diversity of pharmacological profiles found for these
four BDZ receptor ligands indicates that functional heteroge-
neity of central benzodiazepines exist and is a good indication
that new compounds can be developed to have specific desired
actions.

ACKNOWLEDGEMENTS

This work was supported by NIDA Grant #DA 06304-03 and is
gratefully acknowledged. We thank Drs. Mark Beatty and Christo-
pher Upton for synthesis of AHR 11797. We also wish to acknowledge
collaboration in design of the automated plus-maze and consultation
with the laboratory of Dr. George Koob and the helpful discussions
with Dr. Mervyn Maze.

REFERENCES

1. Arbilla, S.; Allen, J.; Wick, A.; Langer, S. Z. High affinity
[*H)zolpidem binding in the rat brain: An imidazopyridine with
agonist properties at central benzodiazepine receptors. J. Phar-
macol. 130:257-263; 1986.

2. Auta, J.; Romeo, E.; Kozikowski, A.; Ma, D.; Costa, E.;
Guidotti, A. Participation of mitochondrial diazepam binding
inhibitor receptors in the anticonflict, antineophobic and anticon-
vulsant action of 2-aryl-3-indoleacetamide and imidazopyridine
derivatives. J. Pharmacol. Exp. Ther. 265:649-656; 1993.

3. Bennett, D. A.; Amrick, C. L. Home cage pretreatment with
diazepam effects on subsequent conflict testing and rotorod as-
sessment. J. Pharmacol. Exp. Ther. 242:595-599; 1987.

4. Bernard, P. S.; Bennett, D. A.; Pastor, S.; Yokoyama, N.;
Liebman J. M. Agonist-antagonist benzodiazepine receptor ac-
tivity revealed by anxiolytic, anticonvulsant and muscle relaxation
assessment in rodents. J. Pharmacol. Exp. Ther. 225:98-105;
198s.

5. Chan, C. Y.; Farb, D. H. Modulation of neurotransmitter action:
Control of the y-aminobutyric acid response through the benzodi-
azepine receptor. J. Neurosci. 5:2365-2373; 1985.

6. Cooper, S. J. Benzodiazepines as appetite-enhancing compounds.
Appetite 1:7-19; 1980.

7. Cooper, S. J.; Yerbury, R. E. Benzodiazepine-induced hyperpha-
gia: Stereospecificity and antagonism by pyrazoloquinolines,
CGS 9895 and CGS 9896. Psychopharmacology (Berlin) 89:462-
466; 1986.

8. Cooper, S. J.; Barber, D. J.; Gilbert, D. B.; Moores, W. R.

Benzodiazepine receptor ligands and the consumption of a highly
palatable diet in nondeprived male rats. Psychopharmacology
(Berlin) 86:348-355; 1985.

9. Cooper, S. J.; Desa, A. Pyrazoloquinolines and zolpidem: Ef-
fects on hypertonic saline consumption in dehydrating rats. Drug
Dev. Res. 14:161-168; 1988.

10. Cooper, S. J.; Estall, L. B. Behavioral pharmacology of food,
water and salt intake in relation to drug actions at benzodiazepine
receptors. Neurosci. Biobehav. Rev. 9:5-19; 1985.

11. Cooper, S. J.; Gilbert, D. V. Clonazepam induced hyperphagia
in nondeprived rats: Tests of pharmacological specificity with
Ro05-4864, Ro5-3663, Ro15-1788 and CGS 9896. Pharmacol. Bio-
chem. Behav. 22:753-760; 1985.

12. DeDeyn, P. P.; Macdonald, R. L. Effects of antiepileptic drugs on
GABA responses and on GABA responses by PTZ and DMCM on
mouse neurons in cell culture. Epilepsia 30:17-25; 1989.

13. De Deyn, P. P.; Macdonald, R. L. CGS 9896 and ZK 91296, but
not CGS 8216 and Rol5-1788 are pure benzodiazepine receptor
antagonists on mouse neurons in culture. J. Pharmacol. Exp.
Ther. 242:48-55; 1987.

14. Depoortere, H.; Zivkovic, B.; Lloyd, K. G.; Sanger, D. J.; Per-
rault, G.; Langer, S. Z.; Bartholini, G. Zolpidem, a novel non-
benzodiazepine hypnotic. 1. Neuropharmacological and behav-
ioral effects. J. Pharmacol. Exp. Ther. 237:649-658; 1986.

15. Estall, L. B.; Cooper, S. J. Differential effects of benzodiazepine
receptor ligands on isotonic saline and water consumption in wa-
ter-deprived rats. Pharmacol. Biochem. Behav. 26:247-252; 1987.



56

16.

17.

18.

19.

20.

21,

22.

23.

24.

25.

26.

27.

28.

File, S. E.; Andrews, N.; Wu, P. Y.; Zharkovsky, A.; Zangrossi,
H., Jr. Modification of chlordiazepoxide’s behavioral and neuro-
chemical effects by handling and plus-maze experience. Eur. J.
Pharmacol. 218:9-14; 1992,

Gardner, C. R. Interpretation of the behavioral effects of benzo-
diazepine receptor ligands. Drugs Future 14:51-67; 1989.
Jackson, H. C.; Nutt, D.J. Body temperature discriminates be-
tween full and partial benzodiazepine receptor agonists. Eur. J.
Pharmacol. 185:243-246; 1990.

Johnson, D. N.; Kilpatrick, B. F.; Hannaman, P. K. AHR 11797:
A novel benzodiazepine receptor antagonist. Fed. Proc. 45:674;
1986.

Klepner, C. A.; Lippa, A. S.; Benson, D. I.; Sano, M. C.; Beer,
B. Resolution of two biochemically and pharmacologically dis-
tinct benzodiazepine receptors. Pharmacol. Biochem. Behav. 11:
457-462; 1979.

Levitan, E. S.; Schofield, P. R.; Burt, D. R.; Rhee, L. M.; Wis-
den, W.; Kohler, M.; Fujita. N.; Rodriguez, H. F.; Stephenson,
A.; Darlinson, M. G.; Barnard, E. A.; Seeburg, P. H. Structural
and functional basis for GABA, receptor heterogeneity. Nature
335:76-79; 1988.

Maguire, P. A.; Davies, M. F.; Villar, H. O; Loew, G. H. Evi-
dence for more than two central benzodiazepine receptors in rat
spinal cord. Eur. J. Pharmacol. 214:85-88; 1992.

Massotti, M.; Schlichting, J. L.; Antonacci, M. D.; Giusti, P.;
Memo, M.; Costa, E.; Guidotti, A. y-Aminobutyric acid, recep-
tor heterogeneity in rat central nervous system: Studies with clo-
nazepam and other benzodiazepine ligands. J. Pharmacol. Exp.
Ther. 256:1154-1160; 1991.

Onaivi, E. S.; Green, M. R.; Martin, B. R. Pharmacological
characterization of cannabinoids in the elevated plus-maze. J.
Pharmacol. Exp. Ther. 253:1002-1009; 1990.

Onaivi, E. S.; Maguire, P. A.; Tsai, N. F.; Davies, M. F.; Loew,
G. H. Comparison of behavioral and central BDZ binding pro-
file in three rat lines. Pharmacol. Biochem. Behav. 43:825-831;
1992.

Patel, J. B.; Martin, C.; Malick, J. B. Differential antagonism of
the anticonflict effects of typical and atypical anxiolytics. Eur. J.
Pharmacol. 86:295-298; 1983.

Pellow, S.; Chopin, S. E.; Briley, M. Validation of open : closed
arm entries in an elevated plus-maze as a measure of anxiety in
the rat. J. Neurosci. Methods 14:149-167; 1985.

Perrault, G.; Morel, E.; Sanger, D. J.; Zivkovic, B. Differences

29.

30.

31.

32.

33.

34.

3s5.

36.

37.

38.

39.

DAVIES ET AL.

in pharmacological profiles of a new generation of benzodiaze-
pine and nonbenzodiazepine hypnotics. Eur. J. Pharmacol. 187:
487-494; 1990.

Pritchett, D. B.; Seeburg, P. H. y-Aminobutyric acid, receptor
subunit creates novel Type II benzodiazepine receptor pharmacol-
ogy. J. Neurochem. 54:1802-1804; 1990.

Puia, G.; Vicini, S.; Seeburg, P. H.; Costa, E. Influence of re-
combinant y-aminobutyric acid, receptor subunit composition on
the action of allosteric modulators of y-aminobutyric acid-gated
Cl1~ currents. Mol. Pharmacol. 39:691-696; 1991.

Sanger, D. J.; Joly, D.; Zivkovic, B. Behavioral effects of non-
benzodiazepine anxiolytic drugs: A comparison of CGS 9896 and
zopiclone with chlordiazepoxide. J. Pharmacol. Exp. Ther. 232:
831-837; 1985.

Smith, C. D.; Crawley, J. N. Anxiolytic action of CGS 9896 on
mouse exploratory behavior. Eur. J. Pharmacol. 132:259-262;
1986.

Taylor, S. C.; Little, H. J.; Nutt, D. J.; Sellars, N. A benzodiaze-
pine agonist and contragonist have hypothermic effects in ro-
dents. Neuropharmacology 24:69-73; 1985.

Tang, A. H.; Code, R. A.; Himes, C. S. Antagonism of hypo-
thermia produced by benzodiazepine-related compounds by U-
78875 in mice. Eur. J. Pharmacol. 263:1-5; 1993.

Unnerstall, J. R.; Kuhar, M. J.; Niehoff, D. L.; Palacios, J.
M. Benzodiazepine receptors are coupled to a subpopulation of
y-aminobutyric acid (GABA) receptors: Evidence from a quanti-
tative autoradiographic study. J. Pharmacol. Exp Ther. 218:797-
804; 1981.

Villar, H. O.; Uyeno, E. T.; Toll, L.; Polgar, W.; Davies, M. F.;
Loew, G. H. Molecular determinants of benzodiazepine receptor
affinities and anticonvulsant activities. Mol. Pharmacol. 36:
589n600; 1989.

Wettstein, J. G. Effects of the novel benzodiazepine agonist qua-
zepam on suppressed behavior of monkeys. Eur. J. Pharmacol.
155:19-25; 1988.

Wisden, W.; Laurie, D. J.; Monyer, H.; Seeburg, P. H. The
distribution of 13 GABA, receptor subunit mRNAs in the rat
brain. 1. Telencephalon, diencephalon, mesencephalon. J. Neu-
rosci. 12:1040-1062; 1992.

Yerbury, R. E.; Cooper, S. J. Novel benzodiazepine receptor
ligands: Palatable food intake following zolpidem, CGS 17867A,
or Ro23-0364, in the rat. Pharmacol. Biochem. Behav. 33:303-
307; 1989.



